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SIMULATION OF DECELERATING LANDING APPROACHES ON AN 
EXTERNALLY BLOWN FLAP STOL TRANSPORT AIRPLANE 


By William D. Grantham, Luat T. Nguyen, and Perry L. Deal 
Langley Research Center 

SUMMARY 

A fixed- base simulator program was conducted to define the problems and methods 
of solution associated with performing decelerating landing approaches on a representative 
STOL transport having a high wing and equipped with an external- flow jet flap in combina- 
tion with four high-bypass-ratio fan-jet engines. Real-time digital simulation techniques 
were used. The computer was programed with equations of motion for six degrees of 
freedom and the aerodynamic inputs were based on measured wind-tunnel data. The 
pilot's task was to capture the localizer and the glide slope and to maintain them as closely 
as possible while decelerating from an initial airspeed of 140 knots to a final airspeed of 
75 knots, while under IFR conditions. 

The results of the study indicated that when flying a 7.5° glide slope, the decelera- 
tion to 75 knots should be completed at an altitude of no less than approximately 152 m 
(500 ft). It was also determined that none of the four deceleration piloting techniques 
allowed sustained deceleration rates greater than approximately 1.52 m/sec2 (5 ft/sec2) 
due to the limitation of the automatic speed controller; for one of the techniques, the 
maximum sustained deceleration rate attainable was less than 0.61 m/sec2 (2 ft/sec2). 

The simulated winds and turbulence had little effect on the pilot's ability to perform 
the deceleration. Also, curved-descending approaches had no significant effects on the 
deceleration procedures investigated in this study. 

When a decelerating approach was made, the amount of time required to attain an 
altitude of 152 m (500 ft), starting from an altitude of 1219 m (4000 ft), was found to be as 
much as 1.5 minutes less than the amount of time required for a constant 75-knot approach 
speed. 

Some of the deceleration procedures investigated in this study should be acceptable 
from a passenger comfort standpoint for deceleration rates as high as 1.22 m/sec2 
(4 ft/sec2). 


INTRODUCTION 


The STOL aircraft will require the capability to operate in congested airspace with- 
out interfering with existing CTOL operations. It is apparent, however, that STOL air- 
craft flying at 70- to 80-knot approach speeds and glide-slope angles of 7.5° or steeper 
cannot be efficiently integrated into the same approach patterns with jet transports flying 
at speeds of about 140 knots and glide-slope angles of 3° or less. It therefore appears 
that future STOL airplanes may have to fly decelerating approaches, if for no other reason 
than the traffic control problem. The term "decelerating approach" as used in this study, 
refers to a landing approach that starts at a relatively high speed (140 knots) and altitude 
(as high as 1219 m (4000 ft)), followed by a constant deceleration to the landing speed 
(75 knots) at a point "near” the runway. Potential advantages to performing decelerating 
approaches other than for traffic control include: (1) less time required on the approach; 
(2) decrease in fuel consumption; and (3) decrease in the ground noise level realized due 
to the lower power settings. 

The present simulation program was conducted to define the problems and methods 
of solution associated with performing decelerating approaches on a representative STOL 
transport airplane. The study was conducted with a fixed- base cockpit and a visual dis- 
play of an airport runway and the surrounding area (shown in ref. 1). Real-time digital 
simulation techniques were used in the study. The computer was programed with equa- 
tions of motion for six degrees of freedom and the aerodynamic coefficients were based 
on measured wind-tunnel data. (See refs. 2 to 4.) 

Some of the specific objectives of the investigation were as follows: 

1. Determine the maximum acceptable rate of descent below various altitudes. 

2. Determine the best techniques for controlling airspeed and glide slope during the 
deceleration period of the landing approach. 

3. Determine effects of various levels of deceleration. 

4. Determine effects of atmospheric turbulence and/or various wind conditions on 
the deceleration techniques. 

5. Investigate the effects of deceleration techniques on ground noise level. 

SYMBOLS AND DEFINITIONS 

In order to facilitate international usage of the data presented, dimensional quantities 
are presented in both the International System of Units (SI) and U.S. Customary Units. 

The measurements and calculations were made in U.S. Customary Units. Dots over 
symbols denote differentiation with respect to time. 
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wing span, m (ft) 
rolling- moment coefficient 
pitching- moment coefficient 
yawing- moment coefficient 
thrust coefficient 
longitudinal-force coefficient 
side-force coefficient 
vertical-force coefficient 
local chord, m (ft) 
mean aerodynamic chord, m (ft) 

acceleration due to gravity, lg = 9.8 m/sec2 (32.2 ft/sec2) 
altitude, m (ft) 

moments of inertia about X, Y, and Z body axes, respectively, 
kg-m2 (slug-ft2) 

product of inertia, kg-m2 (slug-ft2) 

rolling, pitching, and yawing angular velocities, respectively, deg/sec or 
rad/ sec 

thrust, N (lbf) 

time, sec 

airspeed, knots (1 knot = 0.5144 m/sec) 
body reference axes 
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a angle of attack, deg 

(3 angle of sideslip, deg 

y flight- path angle, deg 

6a aileron deflection, positive for right roll command, deg 

6fi deflection of forward segment of trailing-edge flap, deg 

6f2 deflection of middle segment of trailing-edge flap, deg 

Sf3 deflection of rearward segment of trailing-edge flap, deg 

6 r rudder deflection, positive for left yaw command, deg 

6 S asymmetric deflection of spoilers for roll control, positive for right roll 

command, deg 

6 S p symmetric deflection of spoilers for lift control, deg 

6j horizontal-tail deflection, positive when trailing edge is deflected down, deg 

e z h glide- slope error, m (ft) 

6 pitch angle, deg 

The aerodynamic derivatives are as follows: 
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Abbreviations: 

ADI attitude director instrument 

BLC boundary-layer control 

CTOL conventional take-off and landing 

DLC direct lift control 

DME distance measuring equipment 
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EBF 

externally blown flap 

HSI 

horizontal situation indicator 

IFR 

Instrument Flight Rules 

ILS 

instrument landing system 

OASPL 

overall sound pressure level 

PR 

pilot rating 

SPL 

sound pressure level 

STOL 

short take-off and landing 

VFR 

Visual Flight Rules 

VOR 

visual omnirange 


DESCRIPTION OF SIMULATED AIRPLANE 

The STOL airplane design used in this study was a four-engine subsonic jet trans- 
port with a high wing and high-bypass-ratio turbofan engines. A three-view drawing of 
the configuration is presented in figure 1 , and a detailed description of the aerodynamic 
data for the configuration is given in reference 2. The engines were mounted in such a 
manner that the jet exhaust impinged directly on the trailing-edge flap system (fig. 1(b)), 
and the design is referred to as an externally blown flap (EBF) configuration. 

The static aerodynamic data used from reference 2 represent the condition of blow- 
ing over the wing leading edge and the rudder (BLC). The major effect of blowing over 
the wing was to increase the stall angle of attack, particularly for the lower engine-thrust 
conditions. Blowing on the rudder more than doubled the basic rudder effectiveness. 

The simulated airplane had a gross weight of 245 kN (55 100 lbf), a wing loading of 
3131 N/m2 (65.4 lbf/ft2), and a thrust-weight ratio of 0.60 for the maximum thrust condi- 
tion. The mass and dimensional characteristics of the airplane are presented in table I, 
and the aerodynamic characteristics are presented in table II. The maximum control- 
surface deflection and deflection rates are also presented in table I. Note that the flap 
deflection was limited to 35° to 70° - the range for which force-test data were available. 
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The airplane was augmented longitudinally with a pitch attitude command system 
and an autospeed system as described in reference 1. The only modification made for the 
present study was that the commanded velocity of the autospeed system was scheduled to 
give desired deceleration rates. This airspeed scheduling was activated by a switch 
located in the center console of the cockpit. 

Symmetrical spoiler deflections were used for direct lift control (DLC). 

DESCRIPTION OF SIMULATION EQUIPMENT 

The fixed-base simulator had a transport-type cockpit which was equipped with con- 
ventional flight and engine-thrust controls and with a flight- instrument display panel repre- 
sentative of those found in current transport airplanes. (See fig. 2.) In addition, a direct 
lift controller (DLC) was available. (An instrument was installed in the display panel to 
indicate the amount of DLC being commanded.) Instruments indicating angle of attack, 
sideslip, and flap deflection were also provided. A conventional cross-pointer-type flight 
director instrument was used, but the command bars (cross pointers) were driven by the 
main computer program. (See ref. 1 for a detailed description of the flight director sys- 
tem used in this study.) A feature of the attitude director instrument (ADI) which was 
used in the present study but not used or discussed in reference 1 was the Fast/Slow fea- 
ture of this instrument. During the present investigation the Fast/Slow indicator (fig. 2) 
was used to provide the pilot with information regarding the airspeed of the aircraft as 
compared to the desired airspeed. 

The simulator control forces were provided by a hydraulic servosystem and were 
functions of control displacement and rate. The control characteristics of the simulator 
are defined in table HI. Real-time digital simulation techniques were used wherein a digi- 
tal computer was programed with equations of motion for six degrees of freedom. The 
simulator did not incorporate cockpit motion; a visual display of a hypothetical STOL air- 
port was used. 


TESTS AND PROCEDURES 

The ILS approach was initiated with the airplane in the power-approach condition 
(power for level flight) at an altitude below the glide slope, and at a variable distance 
from the runway. (The distance from the runway and the altitude varied with glide- slope 
angle and/or the planned deceleration rate.) Various piloting techniques were developed 
for performing decelerating approaches on 6° and 7.5° glide slopes. 
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The pilot' s task was to capture the localizer and the glide slope and to maintain 
them as closely as possible while decelerating from an initial airspeed of 140 knots to a 
final airspeed of 75 knots under IFR conditions. (Although the visual display was avail- 
able and some landings were made, the approach was usually terminated after the decel- 
eration task was completed.) Two NASA research pilots used various piloting techniques 
and rates of deceleration in order to determine: (1) the most effective technique from a 
piloting standpoint; (2) the limitations of the airplane configuration with regard to the 
maximum attainable deceleration rate for each piloting technique; and (3) the effects of 
the various piloting techniques and deceleration rates on the ground noise levels that may 
be expected. 


RESULTS AND DISCUSSION 

The results of this investigation are discussed in terms of the previously stated 
objectives. Also, throughout the discussion, the pilot ratings listed apply to the decelera- 
tion tasks since the handling qualities of the fully augmented airplane were assigned a 
pilot rating of 2 for the constant speed (V = 75 knots or 140 knots) landing approach task. 
(See table IV for pilot rating system.) Since there were little differences in pilot per- 
formance, and therefore pilot rating, for glide-slope angles of 6° or 7.5°, all results 
discussed pertain to a glide-slope angle of 7.5°. 

Maximum Rate of Descent 

In order to realize the greatest benefits from performing decelerating approaches, 
the deceleration should be made as late as possible during the landing approach. This, 
of course, presents the problem of unusually high rates of descent near the ground - 
particularly for steep approaches. The question quite naturally arises then as to the 
maximum rate of descent that the pilot will tolerate prior to the flare. 

There are many documented tests suggesting a limiting value on acceptable rate of 
descent near the ground - the most often quoted value being 305 m/min (1000 ft/min). 

For example, reference 5 states that even for VFR conditions, when below an altitude of 
about 61 m (200 ft), the time available for making decisions becomes too short and the 
judgment required to execute the flare properly becomes excessive for rates of descent 
greater than 305 m/min (1000 ft/min). 

In order to define the minimum altitude at which the deceleration must be completed, 
tests were made early in the study to determine the minimum altitude for which the pilots 
would accept a rate of descent as high as 305 m/min (1000 ft/min). (For a glide slope of 
7.5° and an airspeed of 75 knots, the rate of descent is 302 m/min (992 ft/min).) Follow- 
ing these tests, the pilots concluded that, although this STOL configuration had very good 
flight-path response throughout the test airspeed range (V = 140 to 75 knots), they would 


8 



not accept a rate of descent higher than 305 m/min (1000 ft/min) below an altitude of 
152 m (500 ft). This result therefore dictated that when flying a 7.5° glide slope, the 
deceleration from 140 knots to 75 knots should be completed at an altitude greater than 
152 m (500 ft). It can be seen from figure 3 that the deceleration procedures used in the 
present study satisfy the requirements of reference 5; and furthermore, if a two-segment 
approach (7.5°/4°) is used, the rate of descent from which this STOL airplane is flared 
will be equal to or less than the rate of descent of current jet transports. 

The ability to make the transition to a second glide- slope segment or the capability 
to flare this EBF airplane will not be discussed in this paper since they were discussed 
in detail in reference 1. The results of the present investigation are discussed in terms 
of the deceleration procedures - the flight was considered to be terminated after the 
deceleration had been completed. 

Deceleration Techniques 

Throughout this study various techniques were used to perform the decelerating 
approach, but in each instance the approach was initiated at V = 140 knots and was 
completed at V = 75 knots. The altitude at which the deceleration was completed was 
usually near 152 m (500 ft), but, of course, the altitude at which the deceleration was 
initiated depended upon the desired deceleration rate. 

Technique 1.- Piloting technique 1 consisted of a manual deceleration (autospeed 
system initially inactive) to an airspeed of 75 knots. Once V = 75 knots was attained, 
the autospeed system was activated and airspeed was held at 75 knots, automatically, for 
the remainder of the flight. 

The initial conditions of the various flights made using deceleration technique 1 were 
always the same with the exception of altitude, which was varied as the desired decelera- 
tion rate varied. The initial conditions used when a deceleration rate of 0.30 m/sec2 
(1 ft/sec2) was to be commanded were: h = 1219 m (4000 ft); V = 140 knots; y = 0°; 

8 = -5°; 6f3 = 40°; and 6 sp = 0°. To capture the 7.5° glide slope, the pilot moved 6 sp 
to approximately 35° while adjusting 8 and the thrust (T) to attain a glide slope of 7.5° 
and to maintain an airspeed of 140 knots. (See fig. 4.) At an altitude of approximately 
1006 m (3300 ft), the copilot initiated the deceleration schedule with a switch provided on 
the center console. Activation of this switch initiated the velocity scheduling to provide 
a given deceleration rate; this information was then used to drive the Fast/Slow indicator 
on the ADI. By continuously adjusting 8 and T, the pilot attempted to maintain glide 
slope with the aid of the horizontal bar of the flight director (fig. 2), and to maintain the 
proper deceleration rate with the aid of the Fast/Slow indication of the ADI. After an 
airspeed of approximately 105 knots was attained, the copilot moved the flaps from 40° 
to 55° in an attempt to keep the angle of attack as low as possible and thus maintain an 
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adequate safety margin from the stall. At an airspeed of 75 knots, the autospeed was 
automatically engaged and the pilot reverted to the direct- lift controller (DLC) for glide- 
path control. The pilot could then either flare and land the airplane from the 7.5° glide 
slope or make the transition to a more shallow glide slope (4°) and land. 

Typical time histories of the motions obtained when using technique 1 for deceler- 
ating from V = 140 knots to 75 knots are shown in figure 4. Figure 4(a) is for a decel- 
eration rate of 0.30 m/sec 2 (1 ft/sec 2 ). The pilot commented that although he was quite 
busy during the deceleration portion of the approach, the task was not too difficult and he 
assigned a pilot rating of 3.5 to the deceleration task. Figure 4(b) presents a time his- 
tory for a deceleration rate of 0.61 m/sec2 (2 ft/sec2). The pilot assigned a rating of 
4.5 to this deceleration task, his comment being that all errors (e z h and V) were larger 
for the higher rate of deceleration. (These points are apparent when comparing e z ^ 
and V in figs. 4(a) and 4(b). ' For a commanded deceleration rate of 0.91 m/sec2 
(3 ft/sec2), figure 4(c), the pilot assigned a rating of 7 to the deceleration task with the 
comments that, (1) the changes required in thrust were too large and too fast, and (2) in 
order to achieve the commanded deceleration rate, the angle of attack required was too 
close to the stall angle of attack (oxtail ~ 25°). (Note that the pilot had to use symmetri- 
cal spoilers (Ssp) as well as thrust to maintain glide slope for the time history shown in 
fig. 4(c). ) For commanded rates of deceleration of 1.22 m/sec2 (4 ft/sec2) and higher, 
the pilot assigned a rating of 10 to the deceleration task with the comment that the varia- 
bles were changing too rapidly for him to maintain adequate control. 

Technique 2 .- The second technique of flying the decelerating approach differed from 
technique 1 in that for technique 2, the airspeed was automated throughout the approach 
and landing, and the thrust remained constant. (The autospeed system drove the third 
segment flap (6f3) to maintain a selected airspeed schedule.) When using technique 2, the 
pilot employed his DLC (symmetrical spoilers) to capture and track the glide slope, as 
well as to perform the landing flare. After the copilot initiated the deceleration schedule, 
the pilot only had to monitor the horizontal bar of the flight director to maintain glide 
slope. (He did not have to monitor the Fast/Slow indicator for this deceleration technique 
since maintenance of the airspeed schedule was automated.) At an airspeed of approxi- 
mately 130 knots, the pilot began to pitch the airplane slowly from its nosedown attitude 
( 6 = -5°) to the desired landing attitude (0 « +5°), attempting to reach 6 ~ +5° by the 
time the airspeed had decreased to approximately 100 knots. 

The pilots assigned a rating of 1.5 to the deceleration task when technique 2 was 
used, and commented that the task was very easy for any deceleration rate commanded. 
(Commanded deceleration rates from 0.30 m/sec2 (1 ft/sec2) to 3.05 m/sec2 (10 ft/sec2) 
were flown.) Although the higher commanded deceleration rates (V > 1.52 m/sec2 
(5 ft/sec 2 )) did not affect the pilot's ability to perform the deceleration task, and there- 
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fore did not affect the pilot rating, the speed controller ( 6 f 3 ) became limited for a longer 
period of time as the command V was increased. Typical time histories are presented 
in figure 5 for which technique 2 was used for various rates of deceleration. 

Figure 5(a) is a time history of the results obtained when a deceleration rate of 
0.30 m/sec 2 (1 ft/sec 2 ) was commanded. As seen from the time history of V, the rate 
of deceleration was very smooth. Figure 5(b) represents the case for which a decelera- 
tion rate of 1.52 m/sec2 (5 ft/sec2) was commanded. The deceleration was still per- 
formed smoothly; however, the time history of the speed controller ( 6 f 3 ) shows that the 
flaps almost reached their maximum deflection limit of 70°. As stated previously, the 
flaps reached this deflection limit for commanded deceleration rates higher than 
1.52 m/sec2 (5 ft/sec2). The results obtained when the flap limits occurred are illus- 
trated in figure 5(c), which represents the results obtained when the commanded decel- 
eration rate was 2.44 m/sec2 (8 ft/sec2). Note that this commanded rate could not be 
maintained once the flaps ^ 3 ) became limited. Figures 5(c) and 5(d) indicate that the 
greater the deceleration rate commanded, the longer the period of time 6 f 3 remained 
limited. 

Technique 3 .- Technique 3 differed from technique 1 in that the airspeed schedule 
was automated. Also, technique 3 differed from technique 2 in that thrust (as opposed to 
spoiler DLC) was used to track the glide slope during the period of deceleration. 

When using technique 3, the pilot captured the 7.5° glide slope with the spoilers (6 S p). 
After stabilizing on the glide slope, the pilot set 6 S p at about 35° (the amount required to 
flare and land from a glide slope of 7.5°) and then tracked the glide slope with the throttles 
(thrust modulation) during the deceleration period. At an airspeed of approximately 
130 knots, the pilot began to pitch the airplane slowly from its nosedown attitude (9 = -5°) 
to the desired landing attitude (0 « +5°), attempting to reach 6 = +5° by the time the air- 
speed had decreased to approximately 100 knots. Following completion of the decelera- 
tion (V = 75 knots at h = 152 m (500 ft)), the pilot used DLC (spoiler modulation) to flare 
and land the airplane. 

The pilots assigned a rating of 2 to the deceleration task when technique 3 was used, 
and commented that the task was very easy for any deceleration rate commanded. Also, 
the pilots commented that although the fl’ght-path response to thrust inputs was quite ade- 
quate, the response was not as rapid or precise as when spoiler DLC (technique 2) was 
used to track glide slope. Similar to technique 2, it was found that although the pilot 
rating did not vary with various commanded deceleration rates, the flaps reached the 
limit of 70° for commanded deceleration rates higher than 1.52 m/sec2 (5 ft/sec2). Typ- 
ical time histories for which technique 3 was used to decelerate from 140 knots to 75 knots 
are presented in figures 6(a), 6(b), and 6(c), which represent commanded deceleration 
rates of 0.61, 1.83, and 3.05 m/sec 2 (2, 6, and 10 ft/sec 2 ), respectively. 
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Technique 4 .- The fourth technique of performing the deceleration task was designed 
to minimize the thrust required to "fly" a 7.5° landing approach in an effort to decrease 
the noise level of the aircraft in the terminal area. The initial conditions used for tech- 
nique 4 were: V = 140 knots; y = 0°; 6 = -2°; 6f3 = 36°; and 6 S p = 10°. To capture 
the glide slope, the pilot pitched over to approximately -10° while adjusting thrust to 
attain and maintain a glide slope of 7.5°. (Airspeed was automated throughout the flight.) 
The copilot initiated the deceleration at the desired altitude and the pilot tracked the glide 
slope with thrust modulation (throttles). As soon as the deceleration was initiated, the 
spoilers were automatically closed according to a schedule such that zero deflection was 
reached at V = 90 knots. Also, upon reaching 115 knots the airplane was slowly pitched 
up (automatically) from a nosedown attitude of -10° to approximately +5° so that this 
desired landing attitude was attained by the time the deceleration was completed; 

V = 75 knots and h = 152 m (500 ft). From this condition, the pilot could either flare 
and land the airplane from the 7.5° glide slope or make the transition to a more shallow 
glide slope (4°) and land - still using thrust modulation to control rate of sink. 

The pilots assigned a rating of 3 to technique 4 for all deceleration rates commanded. 
Although the pilots assigned a "satisfactory" rating to this deceleration technique, they had 
two objections to the technique. One objection concerned the thrust response, which they 
characterized as not being sufficiently fast or precise enough at the lower engine rpm. It 
can be seen from figure 7 that for all deceleration rates commanded, the thrust required 
to maintain glide slope approached the "idle" value (T = 6.7 kN) at an airspeed of approxi- 
mately 90 knots. The other objection to this technique concerned the automation of the 
pitch attitude change, as well as the rate at which the system pitched the aircraft. The 
pilots said that they were concerned whether the automated pitch schedule was going to 
perform correctly. 

Typical time histories of decelerating approaches made using technique 4 are pre- 
sented in figure 7. Figures 7(a), 7(b), 7(c), and 7(d) represent commanded deceleration 
rates of 0.30, 0.61, 0.91, and 1.22 m/sec2 (1, 2, 3, and 4 ft/sec2), respectively. It should 
be noted that although these aforementioned deceleration rates were "commanded," they 
could not be maintained throughout the deceleration period, with the exception of that 
shown in figure 7(a), due to the flaps reaching the 70° limit. (See V and 6f 3 in 
figs. 7(a) to 7(d).) Also note, however, that although the flaps became limited for the com- 
manded deceleration rate of 0.61 m/sec2 (2 ft/sec2), the time required for the decelera- 
tion is reduced from 118 seconds for a "commanded" V of -0.30 m/sec2 (-1 ft/sec2) 
to 63 seconds for a "commanded” V of -0.61 m/sec2 (-2 ft/sec2). It is therefore con- 
cluded from figures 7(a) and 7(b) that using a commanded V of -0.61 m/sec2 (-2 ft/sec^) 
would be beneficial from a "time required to decelerate" standpoint; however, when a 
deceleration rate greater than about 0.61 m/sec2 (2 ft/sec2) is commanded, the additional 
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benefits are small. (The times required to complete the decelerations shown in figs. 7(c) 
and 7(d) were 50 seconds and 48 seconds, respectively.) 

The benefits realized by using this technique from a ground-noise standpoint will 
be discussed later in this report. 

Effects of Deceleration Techniques and Rates on Approach Time 

One obvious advantage of the decelerating approach over the constant slow-speed 
approach (V = 75 knots) is the lesser amount of time required to fly the final approach. 

From a traffic scheduling and control viewpoint, this feature is highly desirable. Table V 
presents the total amount of time required to attain an altitude of 152 m (500 ft), starting 
from h = 1219 m (4000 ft), for typical 7.5° approaches. (The amount of time required for 
this portion of the approach when flying at a constant speed of 75 knots was 212 seconds.) 

Table V indicates that for piloting technique 1 and a deceleration rate of 0.91 m/sec 2 
(3 ft/sec 2 ) the total time required was 121 seconds, which was a reduction of 91 seconds 
over a constant speed (V = 75 knots) approach. This value represents a substantial reduc- 
tion in time, but it must be noted that this deceleration technique and rate were assigned a 
pilot rating of 7, which represents an unacceptable task. It is also shown that the approach 
with a deceleration rate of 0.61 m/sec 2 (2 ft/sec 2 ) represents an acceptable task (PR = 4.5) 
and a time reduction of 82 seconds. From these two results, it can be concluded that when 
using piloting technique 1, the maximum deceleration that should be attempted is approxi- 
mately 0.61 m/sec 2 (2 ft/sec 2 ). 

For piloting techniques 2 and 3, the pilot ratings were 1.5 and 2, respectively, for 
"commanded" deceleration rates as high as 3.05 m/sec 2 (10 ft/ sec 2 ). However, it is 
apparent from table V that deceleration rates greater than approximately 1.22 m/sec 2 
(4 ft/sec 2 ) represent essentially no additional savings in approach time. This effect is 
primarily due to the speed controller (6f 3) becoming limited for the higher commanded 
deceleration rates; therefore, it is concluded that for techniques 2 and 3, the maximum 
deceleration rate that can usefully be commanded is approximately 1.22 m/sec 2 (4 ft/sec 2 ). 

Similarly, when using piloting technique 4, the "minimum noise" technique, the 
flaps become limited for commanded deceleration rates greater than about 0.61 m/sec 2 
(2 ft/sec 2 ) and therefore little or no reduction in the final approach time is realized - 
a deceleration rate greater than approximately 0.61 m/sec 2 (2 ft/sec 2 ) need not be com- 
manded. (See fig. 7.) 


Effects of Winds on Deceleration Techniques 

Various atmospheric conditions were simulated, including steady winds, wind shears, 
and turbulence, to determine the effects, if any, on the previously discussed piloting 
techniques. 
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The various steady winds simulated included head winds as high as 25 knots and 
tail winds as high as 10 knots. The wind shears simulated were as high as 8 knots per 
30 m (100 ft) of altitude. The turbulence model used in this simulation was a modified 
version of the Dryden model and included scale lengths of 183 m (600 ft) for the longi- 
tudinal and lateral turbulence, and 9 m (30 ft) for the vertical turbulence. The root- 
mean-square gust intensities used for the longitudinal, lateral, and vertical turbulence 
were 2.5, 1.6, and 1.5 knots, respectively. 

The various steady winds and wind shears that were simulated were found to affect 
the altitude at which the deceleration should be initiated in order to complete the deceler- 
ation at h = 152 m (500 ft), but this was essentially the only effect noticed by the pilots. 
The pilot ratings assigned to the various decelerating techniques and deceleration rates 
remained the same when the steady winds and wind shears were present as when they 
were not simulated. 

When atmospheric turbulence was simulated, the pilot ratings assigned to the vari- 
ous decelerating techniques and deceleration rates were all increased by one-half pilot 
rating because of the increase in pilot workload required to track the glide slope and the 
localizer in turbulence. The level of turbulence simulated had little effect on the ability 
to affect the deceleration, whether it was done manually or by the automatic system. 

Ride Qualities 

The question naturally arises as to what effect the previously discussed piloting 
techniques have on the ride qualities of the subject STOL airplane. Very little data are 
available on subjective response to motion in the longitudinal direction, and the wide vari- 
ation in both magnitudes and trends reported by various researchers requires a conserva- 
tive approach to any criteria suggested to date. For example, reference 6 states that if 
the maximum accelerations exceed 3.0 m/sec2 (10 ft/sec2), passengers may be expected 
to complain, whereas reference 7 suggests that the "maximum allowable” value of longi- 
tudinal acceleration or deceleration be 0.13g. 

Considering the maximum values of deceleration rates suggested previously, it can 
be seen from table V that the corresponding levels of longitudinal deceleration fall within 
the more conservative (0.13g) ride-quality criterion. It is therefore concluded that the 
deceleration procedures investigated in this study should be acceptable from a passenger 
comfort standpoint. 


Curved-Descending Instrument Approaches 

In order to reduce the congestion caused by long straight-in approaches which are 
required for CTOL transport operations, curved, steep descending flight paths may be 
required of future STOL transports if they are to operate into high-density airports 


14 


(fig. 8). Accordingly, a brief attempt was made during the present study to determine if a 
curved-descending approach, as opposed to the previously discussed straight-in approach, 
would have adverse effects on the deceleration techniques developed. 

Since the curved-descending approach was not considered to be a major objective 
of this study, the advanced flight instrumentation that would probably be used for such 
maneuvers was not developed. The basic instrumentation used for this brief portion of 
the study consisted of the conventional flight director system which included an attitude 
director indicator (ADI) and a horizontal situation indicator (HSI) with DME (distance - 
measuring equipment) and course heading windows. The commanded course for this HSI 
was not continuously updated during the descending turn; therefore, the major instrument 
used by the pilot for tracking the curved portion of the approach was the DME. (The DME 
used in this simulation showed the pilot the distance of the aircraft from the VOR (DME) 
station with an instrument resolution of 0.1 nautical mile.) 

All curved-descending approaches were made in still air - no winds or turbulence 
were included. 

The ground projection of the curved approach path used in this simulation is pre- 
sented in figure 9. The aircraft was trimmed for straight and level flight (V = 140 knots, 
h = 1312 m (4300 ft), heading of 180°) at point A. As the aircraft neared point B, the pilot 
established a rate of sink of 518 m/min (1700 ft/min) and banked the aircraft approxi- 
mately 11° to initiate the desired turn at a turn radius of 1.5 nautical miles. The pilot 
maintained the proper ground track (turn radius) by utilizing the DME information. After 
the aircraft passed through point C, the ILS glide slope was acquired; instead of the steady 
rate of descent, the pilot used the ILS glide-slope information to capture and maintain 7.5°. 
For a commanded deceleration rate of 0.61 m/sec2 (2 ft/sec2), the copilot initiated the 
deceleration at point D; h « 550 m (1800 ft). As the aircraft flew through point E, the 
ILS localizer was acquired, and from this point the pilot disregarded the DME information 
and "flew" using the ILS localizer and glide slope through point F. (For curved-descending 
approaches, the ILS localizer beam was considered to be 10° (±5°) wide, instead of the con- 
ventional 5° (±2.5°) wide.) Point F denotes the general location of the aircraft at which the 
deceleration was completed. 

It was determined that making such curved-descending approaches had no significant 
effects on the previously discussed deceleration techniques. When using technique 2, for 
example, the pilot assigned a rating of 3.0 to the approach task for all deceleration rates. 

(A pilot rating of 1.5 was assigned to the deceleration task for straight-in approaches when 
technique 2 was used.) The reason for the higher pilot rating when making the curved 
approach was the increase in pilot workload in the lateral axis, a factor which could be 
alleviated with the proper flight instrumentation, such as a more sophisticated flight 
director and/or a pictorial display. 
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Curved-descending approaches were also made where the turn radius was 0.75 nau- 
tical mile, and the pilot rating increased by 0.5 with the comment that it became more 
difficult to "fly” the DME because of the higher accuracy required for bank-angle control. 

Noise Considerations 

Most of the landing approach noise abatement research has been concentrated on 
the use of modified profiles (steep and/or two segment). However, decelerating landing 
approaches are another means of reducing noise. The decelerating technique can be com- 
bined with normal, steep, or various two-segment profiles, but the majority of any noise 
reduction realized will, to a great extent, depend on the amount of engine-thrust reduction 
used during the decelerating period. 

During the present simulation program, calculations were made of the overall sound 
pressure level (OASPL) at a point on the ground directly beneath the aircraft in order to 
allow comparisons of various piloting techniques and deceleration rates from a noise view- 
point. Incremental differences in computed noise levels between two flights provided a 
measure of how "noisy" one is with respect to the other. That is, 

AOASPL = OASPLi - OASPLr 

where the subscript i refers to the flight under investigation and the subcript R refers 
to the reference flight. The sound pressure level was calculated as a function of four var- 
iables: (1) engine thrust; (2) distance between the airplane and a hypothetical ground sta- 
tion always located directly beneath the aircraft; (3) angle between the airplane engine axis 
and the ground- station line of sight; and (4) flap deflection. 

Noise data for the basic TF-34 engine were obtained from the engine manufacturer. 
The data provided a reference overall sound pressure level (SPL) as a function of the var- 
iables (1), (2), and (3) listed in the preceding paragraph. (Extrapolation to the actual 
range was accomplished by using the basic spherical wave relationship that intensity is 
inversely proportional to the square of the range.) In addition, a factor was added to 
account for noise due to jet exhaust interaction with the flaps. Because of the lack of 
measured data, this "flap scrub" noise was roughly approximated to be linear with flap 
deflection, and a value of 0.167 dB/deg was used. 

All flights were initiated below the 7.5° glide slope at an altitude of 1219 m (4000 ft) 
and an airspeed of 140 knots; then the glide slope was secured and the deceleration to 
75 knots was performed. The factors examined were (1) the effect of the deceleration 
technique, and (2) the effect of the deceleration rate. 

Figure 10 presents the calculated values of the overall sound pressure level for 
the previously discussed deceleration techniques as compared with constant airspeed 
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(V = 75 knots) landing approaches. It can be concluded from figure 10 that, in general, 
any of the deceleration techniques used during this study tend to have a favorable effect 
on the absolute ground noise level (OASPL) over that of the constant speed (V = 75 knots) 
landing approach. It should also be mentioned that, in addition to the lower OASPL values 
realized by flying a decelerating approach, the amount of time that an individual located 
at a given point along the approach path would be exposed to the noise level would be less 
than when the aircraft is flown at a slower- constant airspeed (V = 75 knots). 

Figure 11 presents a comparison of ground noise levels produced by the various 
deceleration techniques; that is, the noise levels for the various techniques are compared 
to each other for the same deceleration rate (0.30 m/sec2 (1 ft/sec2)). Figure 11(a) 
shows that, in general, technique 1 would produce less noise than techniques 2 and 3, and 
figure 11(d) indicates that technique 4 would tend to be less noisy than any of the other 
three techniques. 

An attempt was made to determine the effect of the rate of deceleration on the 
ground noise produced. The results indicated that the higher deceleration rates afford 
no obvious advantage over the lower rate in the OASPL reduction. Subjectively, however, 
the higher rates may be more desirable simply because of lower exposure time to the 
noise. 


SUMMARY OF RESULTS 

A fixed-base simulator program was conducted to define the problems and methods 
of solution associated with performing decelerating landing approaches on a representa- 
tive STOL transport, equipped with an external-flow jet flap in combination with high- 
bypass- ratio fan- jet engines. 

Four piloting techniques were developed for performing the decelerating approach. 
These were as follows: 

1. A manual deceleration for which the pilot tracked the glide slope and "flew" the 
commanded airspeed schedule with a combination of pitch attitude and thrust. 

2. The pilot tracked glide slope with a direct- lift controller (DLC) that consisted of 
symmetrical spoiler modulation. The desired airspeed schedule was maintained by an 
automatic speed controller. 

3. The pilot tracked glide slope with throttles (thrust modulation). The desired 
airspeed schedule was maintained automatically. 

4. The pilot tracked glide slope with throttles, after he had pitched the aircraft 
to -10° to capture the glide slope. The desired airspeed schedule was maintained 
automatically. 
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The deceleration rates simulated varied from 0.30 m/sec2 (1 ft/sec2) to 3.05 m/sec2 
(10 ft/sec2). 

The results of this simulation program may be summarized as follows: 

1. Although this STOL configuration had very good flight-path response throughout 
the test airspeed range (V = 140 to 75 knots), the pilots would not accept a rate of descent 
higher than 305 m/min (1000 ft/min) at altitudes below 152 m (500 ft). Accordingly, when 
flying a 7.5° glide slope, the deceleration to 75 knots should be completed at an altitude no 
less than 152 m (500 ft). 

2. For piloting technique 1 (the manual deceleration) the pilots assigned an unaccept- 
able rating to the deceleration task for deceleration rates greater than 0.61 m/sec^ 

(2 ft/sec2). For higher rates of deceleration, the pilot thrust inputs required were too 
large and too fast, and the angle of attack required was too close to the stall angle of 
attack to achieve the commanded deceleration rate and maintain the 7.5° glide slope. 

3. For piloting techniques 2 and 3, the pilots assigned satisfactory ratings to the 
deceleration task for any deceleration rate commanded. (Commanded deceleration rates 
from 0.30 m/sec^ (1 ft/sec2) to 3.05 m/sec2 (10ft/sec2) were flown.) Although the 
relatively high commanded deceleration rates did not affect the pilot's ability to perform 
the deceleration task, and therefore did not affect the pilot rating, the automatic speed 
controller (6f 3) became limited for commanded deceleration rates greater than 

1.52 m/sec^ (5 ft/sec2). Thus, sustained deceleration rates greater than 1.52 m/sec2 
(5 ft/sec^) could not be attained. 

4. The pilots assigned a satisfactory rating to technique 4 for all deceleration 
rates commanded. However, sustained deceleration rates greater than approximately 
0.61 m/sec2 (2 ft/sec2) could not be attained. 

5. When a decelerating approach was made the amount of time required to attain an 
altitude of 152 m (500 ft), starting from an altitude of 1219 m (4000 ft), was found to be as 
much as 1.5 minutes less than the amount of time required for a constant 75-knot approach 
speed. 

6. The simulated steady winds, wind shears, or turbulence had little effect on the 
pilots' ability to perform the deceleration, whether it was done manually or by the auto- 
matic system. 

7. The deceleration procedures suggested in this study should be acceptable from a 
passenger comfort standpoint. 

8. The curved-descending approaches flown had no significant effects on the deceler- 
ation procedures investigated. 
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9. Decelerating landing approaches are another means of reducing the ground noise 
level. Indications are that, in general, technique 1 would produce less noise than tech- 
niques 2 and 3, and technique 4 would tend to be less noisy than any of the other three 
techniques. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va. , January 2, 1974. 
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TABLE I.- MASS AND DIMENSIONAL CHARACTERISTICS 


Weight, N (lbf) 245 096 (55 100) 

Wing area, m2 (ft2) 78 (843) 

Wing span, m (ft) 24 (78) 

Mean aerodynamic chord, m (ft) 3.58 (11.74) 

Center-of-gravity location, percent c 40 

I x , kg-m2 (slug-ft 2 ) 331 103 (244 212) 

I Y , kg-m 2 (slug-ft 2 ) 334 637 (246 819) 

l z ,kg-m 2 (slug-ft 2 ) 625 677 (461 482) 

I xz , kg-m 2 (slug-ft 2 ) 27 690 (20 423) 

Maximum control-surface deflections: 

6 t, de g ± 15 

6 f3 , deg 35 to 70 

6 S p, deg 0 to 60 

6 S , deg ±60 

6 a, de S ±20 

6 r , deg ±40 

Maximum control-surface deflection rates: 

6 t, deg/sec 50 

6 f 3 , deg/sec 5 

6 sp, deg/sec 50 

6 S , deg/sec 50 

6 a , deg/sec 50 

6 r , deg/sec 50 
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TABLE II. - BASIC AERODYNAMIC INPUTS USED IN SIMULATION - Continued 


C x =0 C t =1.87 C t =3.74 

Cn 5r , per deg 


C t =1.87 C X =3.74 

, Per deg 


C T =1.87 I C X =3.74 


Cj , per rad 


C T =0 C T =1.87 Ct =3.74 

Cy r , per rad 


-0.0043 I” 

-0.0051 

-0.0046 

0.0020 

0.0016 

0.0019 

-0.05 

-1.13 

-0.78 

0.76 

0.88 

0.94 

-.0041 

-.0047 

-.0046 

.0018 

.0016 

.0020 

-.60 

-.88 

-.75 

.76 

.86 

.92 

-.0039 

-.0043 

-.0046 

.0016 

.0016 

O 

o 

to 

-.98 

-.68 

-.72 

.77 

.90 

1.00 

-.0038 

-.0041 

-.0046 

.0016 

.0017 

.0022 

-.68 

-.50 

-.68 

.77 

1.03 

1.20 

-.0036 

-.0040 

-.0046 

.0016 

.0017 

.0022 

-.40 

-.50 

-.63 

.78 

1.08 

1.60 

-.0034 

-.0040 

-.0046 

.0011 

.0017 

.0022 

-.37 

-.50 

-.55 

.80 

1.00 

1.35 

-.0024 

-.0040 

-.0046 

.0003 

.0016 

.0020 

-.32 

-.33 

-.42 

.59 

.70 

1.24 

-.0020 

-.0041 

-.0047 

-.0003 

.0010 

.0017 

-.26 

-.17 

-.33 

.33 

.32 

.93 

-.0002 

-.0033 

-.0042 

.0006 

.0008 

.0014 

-.26 

-.08 

-.25 

-.08 

1.70 

2.55 


C nf per deg 


C lp , per deg 


-0.020 

-0.022 

-0.050 

0.0030 

0.0035 

0.0053 

0.0012 I 0 

0 

0 

-0.0060 

-0.0044 

-.020 

-.050 

-.050 

.0038 

.0052 

.0070 

-.0006 -.0020 

-.0020 

-.0016 

-.0043 

-.0042 

-.020 

-.050 

-.055 

.0042 

.0078 

.0081 

-.0024 -.0036 

-.0031 

-.0040 

-.0010 

-.0040 

-.020 

-.050 

-.055 

.0043 

.0082 

.0086 

-.0034 -.0048 

-.0044 

-.0048 

-.0018 

-.0056 

-.020 

-.050 

-.055 

.0043 

.0080 

.0081 

-.0023 -.0051 

-.0053 

-.0052 

-.0016 

-.0045 

-.023 

-.050 

-.055 

.0047 

.0082 

.0089 

-.0028 -.0051 

-.0061 

-.0046 

-.0012 

-.0080 

-.024 

-.050 

-.055 

.0050 

.0084 

.0092 

-.0029 -.0062 

-.0066 

-.0036 

-.0046 

-.0070 

-.020 

-.050 

-.055 

.0021 

.0083 

.0088 

-.0070 -.0067 

-.0072 

.0001 

-.0025 

-.0085 

-.024 

-.020 

-.055 

.0018 

-.0040 

.0082 

-.0050 -.0070 

-.0090 

.0012 

-.0082 

-.0024 


c n r . Pe r rad 


C per rad 


0.0260 

0.0430 

0.0300 

-0.006 

0 

0.008 

-0.45 

-0.33 

-0.37 

0.32 

0.57 

0.55 

.0272 

.0425 

.0325 

-.004 

0 

.005 

-.35 

-.38 

-.42 

.48 

.70 

.77 

.0290 

.0420 

.0380 

-.002 

0 

.002 

-.30 

-.42 

-.45 

.67 

.80 

.86 

.0317 

.0440 

.0417 

0 

0 

.001 

-.33 

-.41 

-.45 

.77 

.85 

.85 

.0296 

.0434 

.0429 

.001 

0 

.001 

-.34 

-.42 

-.54 

.83 

.80 

.80 

.0247 

.0432 

.04 14 

.004 

.001 

.002 

-.38 

-.42 

-.52 

.88 

.82 

.83 

.0157 

.0420 

.0387 

.005 

.001 

.002 

-.35 

-.40 

-.52 

.73 

.90 

.90 

.0045 

.0408 

.0347 

.004 

.001 

.003 

-.30 

-.34 

-.47 

.83 

1.10 

.93 

.0019 

-.0022 

.0321 

.004 

.001 

.003 

-.20 

-.42 _ 

-.70 

_.62 

-.20 

-.50 


C t =0.70 C t =1.40 C t =2. 10 C T =2.81 
C Y e , per deg 


C T =0 C t =0.70 C T =1.40 C T =2.10 C T =2.81 C T =0 C t =0.70 C t =1.40 C T =2. 10, C t =2.81 


, per deg 


, per deg 


-0.0016 

-0.0010 

-0.0004 

0.0002 

0.0008 

-0.0014 

-0.0028 

-0.0040 

-0.0052 

-0.0064 

0.0082 

0.0083 

0.0084 

0.0085 

0.0086 

-.0012 

-.0007 

-.0002 

.0003 

.0008 

-.0001 

-.0017 

-.0032 

-.0047 

-.0062 

.0048 

.0058 

.0068 

.0078 

.0088 

-.0008 

-.0004 

0 

.0004 

.0008 

.0012 

-.0006 

-.0024 

-.0042 

-.0060 

.0014 

.0033 

.0052 

.0071 

.0090 

-.0004 

-.0002 

0 

.0002 

.0004 

-.0010 

-.0022 

-.0034 

-.0046 

-.0058 

.0014 

.0033 

.0052 

.0071 

.0090 

- 0006 

-.0004 

-.0002 

0 

.0002 

-.0010 

-.0022 

-.0034 

-.0046 

-.0058 

.0010 

.0030 

.0050 

.0070 

.0090 

-.0008 

-.0006 

-.0004 

-.0002 

.0001 

.0004 

-.0011 

-.0026 

-.0041 

-.0056 

.0027 

.0044 

.0061 

.0078 

.0096 

-.0022 

-.0018 

-.0014 

-.0010 

-.0005 

.0045 

.0026 

.0007 

-.0012 

-.0032 

.0207 

.0197 

.0187 

.0177 

.0168 




0 



mm 




-.0010 


.0110 

.0170 

.0240 


mm 





■si 







.0116 

.0180 
























TABLE HI.- SIMULATOR CONTROL CHARACTERISTICS 


Control 

Maximum travel in — 

Breakout 

force 

Force gradient 


deg 

cm 

in. 

N 

lbf 

N/cm 

lbf/in. 

Column: 








Forward 

9.9 

13.97 

5.50 

13.3 

3.0 

14.0 

8.0 

Aft 

20.5 

25.25 

9.94 





Wheel 

±130.0 

±37.34 

±14.70 

11.1 

2.5 

5.3 

3.0 

Pedal 


10.80 

4.25 

31.1 

7.0 

28.9 

16.5 


24 



25 




TABLE V.- APPROXIMATE TIME REQUIRED TO ATTAIN AN ALTITUDE OF 152 m (500 ft), STARTING 


o 

o 

o 


s 

05 


O 

CS 

(j-i 



o 

o 

<d 

cd 

CO 

C0 



CO 

CM 

1—1 

H 

r-H 

CM 

II 

|| 



<D 

<D 

s 

s 

•H 


-4-> 

-4-» 

»- H 

i - H 

CTj 

crj 

-4-* 


o 

O 

-4-> 

■+_> 



CO 

CO 

•*-> 

-4-» 

o 

o 

G 

c. 

^5 

3 

O 

LO 


D- 

i-H 


ii ii 



Total 

time, 

sec 

O O t-h 

rf CO CM 

rH t—4 

ctJ 

141 

130 

a 121 

121 

121 

141 

130 

a 122 

121 

121 

i-4 00 

cm 

1—4 r—4 

a 

Time of 
deceleration, 
sec 

d- in o 

1—4 CD 
i-H 

118 

65 

33 

27 

27 

118 

65 

34 

27 

27 

118 

63 

Time prior to 
initiation of 
deceleration, 
sec 

co in 1 -h 

CM CD 00 

23 

65 

88 

94 

94 

23 

65 

88 

94 

94 

23 

65 



Longitudinal deceleration, 
V, g units 

Maximum 

attained 

CO ^ CO 

i“H i-H 

o rt‘ 

CO CD CQ CO O 
O O t-l <M CO 

o d’ 

0.03 

.06 

a .13 

.24 

.25 

CO 00 

o o 
o rt" 

Commanded 

CO CO Oi 

o o o 
‘ © 

0.03 

.06 

.12 

.25 

.31 

0.03 

.06 

.12 

.25 

.31 

0.03 

.06 

Commanded 
deceleration rate, V 

CM 

O 

CD 

CO 

-4— > 
<4-1 

1-4 CM CO 

d 

01 

8 

Z 

I 

CM Tf 00 O 
d 1-4 

1-4 CM 

d 

CM 

O 

CD 

CO 

S' 

0.30 

.61 

.91 

0.30 
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Director Indicator 1 


(a) Simulator cockpit 


Fast/ Slow 
Information 


Raw glide-slope 
information 


Flight director 
cross pointers 


(b) Attitude director indicator (ADI). 

Figure 2.- Simulator cockpit and instrument display 










Spoiler deflection. 6 sp . deg Flap angle, %. deg Airspeed, V. knots Altitude, 



Time, t, sec Time, t. sec 

(a) Commanded deceleration rate of 0.30 m/sec2 (1 ft/sec2). 

Figure 4.- Typical time histories of motions experienced 
during decelerating approaches using technique 1. 
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Time. t. sec 


Time, t. sec 


(c) Commanded deceleration rate of 0.91 m/sec2 (3 ft/sec2) 
Figure 4.- Concluded. 












Time, t, sec Time, t, sec 


(a) Commanded deceleration rate of 0.30 m/sec2 (1 ft/sec^). 

Figure 5.- Typical time histories of motions experienced 
during decelerating approaches using technique 2. 
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Flap angle 







Time. t. sec 


Time, t, sec 


(c) Commanded deceleration rate of 2.44 m/sec2 (8 ft/sec2) 
Figure 5.- Continued. 










Time, t, sec 


Time, t, sec 


(d) Commanded deceleration rate of 3.05 m/sec2 (10 ft/sec^) 
Figure 5.- Concluded. 









Flap angle, 673, deg Airspeed, V. knots Altitude, 


1200 ** * 

1000 I I I 



Time, t, sec Time, t, sec 

(a) Commanded deceleration rate of 0.61 m/sec^ (2 ft/sec^). 

Figure 6.- Typical time histories of motions experienced 
during decelerating approaches using technique 3. 
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Time, I. sec 


Time, t, s& 


(a) Commanded deceleration rate of 0.30 m/sec2 (1 ft/sec2). 


Figure 7.- Typical time histories of motions experienced 
during decelerating approaches using technique 4. 
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(d) Technique 4. 


Figure 10.- Overall sound pressure level for various deceleration techniques 
as compared with constant airspeed (V = 75 knots) landing approaches. 
(The deceleration rate used was 0.30 m/sec^ (1 ft/sec^).) 
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Figure 11.- Comparison of ground noise levels produced by various deceleration 
techniques. (The deceleration rate used was 0.30 m/sec^ (1 ft/sec2).) 
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